INTRODUCTION
============

Protein--DNA interactions are at the heart of many cellular processes, including DNA replication, transcription, recombination and DNA packaging within the nucleosome. It is now clearly evident that there is more to protein--DNA interactions than simple readout of hydrogen bond donor and acceptor groups ('direct readout'). In the current picture of protein--DNA interactions, sequence-dependent conformation and the ability to change it at low energetic cost ('deformability') can contribute extensively to sequence-specific recognition by regulatory proteins ('indirect readout'). This latter type, also called structural recognition, is usually a subsidiary mechanism to direct sequence recognition. However, sequence-specific regulatory proteins that bind the DNA double helix through the minor groove must operate mainly by indirect readout since the symmetric positioning of donor and acceptor groups in this groove makes it difficult to differentiate an A.T base pair from an T.A one \[and likewise for G.C and C.G base pairs ([@b1])\]. The binding of the TATA-binding protein (TBP) to its target sites, 'TATA boxes', is an exemplar of structure and flexibility-based specificity mechanism, since the binding is through the minor groove ([@b2],[@b3]). Moreover, the TATA box consensus sequence is T-A-T-A-A/T-A-A/T-A/G ([@b4]) (<http://www.epd.isb-sib.ch/promoter_elements>). Thus, it is composed mainly of different combinations of T.A and A.T base pairs.

TBP is a universal transcription factor, required for initiation of transcription by all three eukaryotic RNA polymerases ([@b5]--[@b7]). Gene expression by RNA polymerase II (Pol II) is regulated mainly at the stage of the initiation of transcription. The formation of the TBP/TATA-box complex is the first step in the assembly of a set of transcription factors necessary for the initiation of transcription of genes that are transcribed by Pol II ([@b8],[@b9]). The other transcription factors (except for TFIIB) do not contact the DNA in a sequence-specific manner ([@b8],[@b10]). Thus, sequence-specific TBP/TATA-box interactions are central for the regulation of gene transcription.

We have previously looked at the signals for TBP/TATA-box interaction ([@b11]). In this study, we observed a novel mechanism of indirect readout, in which there is a differential effect of the identity of the DNA sequence in the region flanking the core 8 bp TATA box on the kinetics of dissociation of the TBP/TATA-box complex ([@b11]). Changing the sequences that flank the core TATA box did not change the stability of the complex formed with the major-late promoter (MLP) TATA box (TATAAAAG, compare wtMLP with fsMLP in [Table 1](#tbl1){ref-type="table"}). However, the half-life of the complex of TBP with the TATA-box variant TATATATG was significantly increased when the flanking sequences were changed from G-tracts to alternating (G-C) tracts (compare T~5~T~7~ with fsT~5~T~7~ in [Table 1](#tbl1){ref-type="table"}) ([@b11]). Similar observations on the effects of the TATA flanking sequences on TBP binding were made by Wolner and Gralla ([@b12]). We have previously suggested ([@b11]) that the MLP TATA box is not affected by changes in the adjoining sequences because of the dominant and invariable character of homopolymeric A-tract sequences (defined as A*~n~*, *n* ≥ 4) ([@b13]), which are not easily changed by the nature of the sequences adjacent to them ([@b14]). (A-T)*~n~* runs, on the other hand, are polymorphic in structure ([@b15]), and their conformation is dependent on sequence context and crystal packing forces ([@b16]).

TATA flanking sequences can also affect the binding affinity of TBP to TATA boxes. Librizzi *et al*. ([@b17]) observed that changes in the sequence flanking the MLP TATA box slightly decrease the equilibrium association constant relative to that observed in the natural sequence context of the MLP TATA box. Librizzi *et al*. ([@b17]) attributed this observation to a difference in the rate of association of TBP to these TATA boxes. Wolner and Gralla ([@b18]) showed that sequences flanking the core TATA box influence the level of basal transcription as well as the response to activators. They have used two prototype adenovirus TATA boxes, MLP and E4. The first is a strong basal promoter and is only weakly responsive to activators, whereas E4 promoter is a weak basal promoter, but is highly responsive to protein activators \[discussed in ref. ([@b18])\]. By swapping the blocks of sequences surrounding these two TATA boxes they showed that substituting the E4 flanking sequences into the MLP increased its response to activators, whereas substituting the MLP sequences into the E4 promoter had the opposite effect ([@b18]).

We have probed systematically the role of the sequences flanking the MLP and E4 TATA boxes, as prototype TATA boxes having A~4~ versus (T-A)~4~ tracts, respectively, on TBP/TATA-box interactions using *in vitro* evolution methods. We searched for sequences with optimal binding affinities (low equilibrium dissociation constant), as well as for those with optimal binding stabilities (low kinetic off rate). We show that not only do TATA flanking sequences influence the binding of TBP to the E4 TATA box to a much larger extent than their effect on the TBP/MLP TATA-box interaction, but the variability observed in TBP/E4 binding as a function of the flanking sequences is as large as that observed when the core TATA box itself is changed. Moreover, we show that the influence of the flanking sequences on TBP/E4 interaction is asymmetric and directional. Thus, one abutting side is more conserved than the other side. We ascribe this behavior to the multi-step binding mechanism of TBP to TATA boxes. We suggest here that structural modulation of certain TATA-boxes by their flanking sequences increases the number of different sequences that constitute a valid TATA box. Since TBP/TATA-box interaction is the first step in the assembly of the preinitiation complex, this enhances the fine-tuning of gene regulation attainable at this initial stage of transcription.

MATERIALS AND METHODS
=====================

DNA
---

TATA-box variants were chemically synthesized on an automated DNA synthesizer at the Keck Foundation Resource Laboratory (Yale University) or by Sigma Genosys (Israel) and purified using the standard protocols ([@b19]). For the *in vitro* selection experiments two DNA templates were used. MLP template, GTAGGTGTAGGCCACGTGACCGGGTGTTCCT-(N)~10~TATAAAAG(N)~10~CGCGTTCGTCCTCACTCTCTTCCGCATCG, derived from the sequence of the Adenovirus MLP positions −79 to 10, and E4 template, GGGTGTTTTTTGTGGACTTTAACCGTTACGTCA(N)~10~TATATATA(N)~10~ACTTGGCCCTTTTTACACTGTGACTGATTG, derived from the sequence of the Adenovirus E4 promoter positions −82 to 10, except that each template contained 20 random positions. Primers were designed to be complementary to templates in their 5′ and 3′ regions. DNA for binding affinity or dissociation kinetics experiments of individual selected sequences, or the various consensus sequences, was synthesized as hairpin constructs with 20 or 22 bp double-stranded stems and 5 cytosines in the loop (located at the 3′ side of the molecules, as written in [Table 1](#tbl1){ref-type="table"}). It was radioactively labeled as described previously ([@b11]). The competitor DNA molecules for dissociation kinetics experiments of individual selected sequences were 21 bp linear duplexes with either the wtMLP or the (T-A)~4~ sequence ([Table 1](#tbl1){ref-type="table"}), for probing sequences selected from the pool of MLP or E4 templates, respectively. fs(T-A)~4~ and wtE4 were challenged with competitor DNA (21 bp linear duplex) of the same DNA sequence as the hairpin constructs to which they were added as competitor, to concur with the binding stability study of T~5~T~7~, fsT~5~T~7~ and (T-A)~4~, all of which were studied by us previously ([@b11]). The rational for using a labeled hairpin DNA and linear duplex competitor DNA are discussed elsewhere ([@b11]).

Protein
-------

The c-terminal domain of yeast TBP (yTBPc) was a kind gift from S. Juo (Yale University). The overexpression and purification of the protein were as described by Kim *et al*. ([@b20]). The fraction of yTBPc active for DNA binding was determined as described previously ([@b11]) and found to be 50%. We have used yeast TBP for the selection of sequences flanking a TATA box of a human pathogen to concur with our previous study ([@b11]). The crystal structures of TBP from different sources are all similar to each other ([@b21]--[@b23]), as well as the co-crystal structures of TBP/TATA-box complexes ([@b20],[@b24]--[@b28]). The deletion of the N-terminal results in enhanced gel stability and it does not affect TBP/TATA-box interactions ([@b29]).

Preparation of double-stranded DNA oligonucleotides for *in vitro* selection experiments
----------------------------------------------------------------------------------------

The two DNA templates described above were made double-stranded using PCR. The two oligonucleotide primers for each template were labeled using \[γ-^32^P\]ATP (3000 Ci/mmol) and T4 polynucleotide kinase for 30 min at 37°C. Free radioactivity was separated from radioactive oligonucleotides using G-25 spin columns. An aliquot of 1 nmol of each primer was mixed with 20 pmol of the appropriate single-stranded template pool, in a PCR mixture that included 1 mM dNTPs, 4 mM MgCl~2~, 5 U of BIO-X-ACT™ Short DNA Polymerase (Bioline), OptiBuffer and Hi-Spec Additive supplied with the polymerase. This amount of template ensures that the pool of the first round of selection contained at least 10 double-stranded molecules from each possible sequence (of 4^20^ different DNA sequences). Since a large DNA amount was used in the initial PCR, the PCR mixture was divided to 10 identical reactions.

For the initial selection experiment, the double-stranded DNA was generated and amplified by three cycles of PCR. After PCR the products were immediately loaded on a native gel (16%, acrylamide/bisacrylamide 39:1) and run at 350 V until the BPB dye migrated 24 cm in a 32 cm × 16 cm × 1.5 cm gel together with a double-stranded DNA size marker \[21 bp, VW ([@b30])\]. The gels were visualized using a Fujii FLA 5000 phosphoimager. PCR products corresponding to the correct size were extracted from the gel using standard procedures ([@b19]), and the purified double-stranded oligonucleotides from each individual PCR were combined to one pool.

Selection for high binding affinity
-----------------------------------

In the first kind of selection experiments, the oligonucleotides were selected based on high binding affinity to yTBPc. In these experiments an excess of double-stranded oligonucleotide pool was incubated with a limited amount of protein, and the partition of the selected from non-selected pool was by the EMSA. In the first round of selection, the double-stranded pool of oligonucleotides (40 nM) and yTBPc (0.4 nM active protein) were incubated for 60 min at 30°C in binding buffer (4 mM DTT, 10 mM Tris--HCl, pH 7, 30 mM KCl, 0.4% Brij58, 5 mM MgCl~2~ and 10% glycerol). After 60 min loading dye was added, and the reaction mixture was immediately loaded on a running native gel (8%, acrylamide/bisacrylamide ratio 39:1, 10% glycerol), which was run at 450 V and 30°C for 2 h in a buffer containing 1× TG (25 mM Tris--HCl, 190 mM Glycine, pH 8.3) and 5 mM MgAc. The wet gels were visualized using a Fujii FLA 5000 phosphoimager. The fraction of oligonucleotides that was bound to yTBPc was extracted from the gel using standard procedures ([@b19]). The conditions for TBP/TATA-box binding were changed as selection progressed, so that in each cycle only 1% of the DNA targets, those with the highest affinity for yTBPc, were in complex with it ([Figure 1a](#fig1){ref-type="fig"}). This was achieved by lowering continuously the concentration of yTBPc protein relative to DNA from 1/100 ratio of active yTBPc/DNA to 1/500 and by increasing the KCl concentration in the binding buffer from 30 to 150 mM between the first and the fifth (and last) rounds of selection. The selected and extracted oligonucleotides were amplified by PCR for 8 cycles, using 50 pmol of each ^32^P-labeled primer. The PCR products were purified and treated as discussed above and were then used in the next round of selection. To be certain of the exact position and boundaries of the selected band on the gel, despite the low fraction of DNA molecules bound to the protein, a 'marker reaction' was used to help in locating the band of the TBP/TATA-box complex on the gel. The DNA used for the marker reaction and the selection reaction was taken from the same double-stranded oligonucleotide pool. The composition of the marker reaction was similar to the composition of the selection reaction except that the amount of DNA was equimolar to the amount of the protein. Therefore, the amount of TBP/TATA-box complex was sufficiently high to be easily observed on the gel. However, in all cases a weak selected band was observed at the same location of the marker reaction band ([Figure 1a](#fig1){ref-type="fig"}). After extraction from the gel, the selected DNA pool was PCR amplified and gel purified (as discussed above) before being used in the next selection cycle. Five rounds of selection were carried out by the thermodynamic criteria. After each round the pool was cloned and several transformants were sequenced from each template. After the last round, 54 transformants were sequenced from each pool. The data contained multiple identical copies of several transformants. The list of unique selected sequences is given in the Supplementary Table S1. Thus, additional rounds of selection will not result in further enrichment of the population of the selected molecules. On the other hand, further selection may increase the PCR bias in the population.

Selection for high complex stability
------------------------------------

The second type of selection experiments was based on high kinetic stability. In the first round of selection, the double-stranded pool of oligonucleotides (20 nM) and yTBPc (20 nM active protein) were incubated for 60 min at 30°C in the binding buffer described above before adding a large molar excess of unlabeled 21 bp linear duplex competitor (2.62 µM, 131-fold excess of the cold competitor over active protein). The sequence of the competitor DNA molecules was either wt MLP or (T-A)~4~ ([Table 1](#tbl1){ref-type="table"}) for selection from the pool of MLP or E4, respectively. The reaction mixture, including the competitor DNA, was incubated for 4.5 h at 30°C. Loading dye was then added and the reaction mixture was immediately loaded on a running native gel (8%, acrylamide/bisacrylamide ratio 39:1, 10% glycerol), which was run at 450 V and 30°C for 2 h in 1× TG and 5 mM MgAc buffer. The conditions for TBP/TATA-box binding reaction were changed as selection progressed, so that only 1% of the most stable DNA targets were selected ([Figure 1b](#fig1){ref-type="fig"}). This was carried out by extending continuously the incubation time after the addition of the unlabeled DNA competitor from 4.5 to 7.5 h and by increasing the KCl concentration in the binding buffer from 30 to 150 mM between the first and fifth rounds of selection. Here too we have used a 'marker reaction' to help in locating the weakly observed band of the complex on the gel. The marker reaction was identical to the selection reaction except that the incubation was stopped after 1 h and no competitor DNA was added. The gels were visualized using a Fujii FLA 5000 phosphoimager. The fraction of oligonucleotides that was bound to TBP was extracted from the gel using standard procedures ([@b19]). It must be noted that even if the 21 bp competitor DNA is eluted together with the 88 bp selected DNA, it has no influence on the outcome of the selection as it cannot be amplified or cloned. The selected oligonucleotides were amplified by PCR and gel purified, as described above, and then used in the next round of selection. After each round the pool was cloned and several transformants were sequenced for each pool. After the fifth cycle, 51 transformants were sequenced from each template. Supplementary Table S1 gives the list of unique transformants. Here too multiple identical copies appeared for several transformants, and hence the selection was stopped after the fifth round.

Cloning and sequencing
----------------------

The selection was started using 4^20^ = 1.1 × 10^12^ different DNA sequences of each template. At each round we took a maximum of 1% of bound DNA. Thus, after five rounds of selection the final pool should contain ∼110 different DNA sequences. Hence, we stopped the selection after five rounds and cloned the resultant pool. We also cloned a sample from each previous round to check the progress of selection. Before cloning, the DNA pool was amplified by PCR, using 200 pmol of each unlabeled primers for 20 cycles. The PCR products were purified using QiAquick PCR Purification kit (Qiagen). The PCR amplified oligonucleotides were then ligated into the commercial pGEM-T Easy vector system (Promega) using the standard protocol of Promega. The ligated plasmids were transformed into XL/BLUE competent cells by the standard heat-shock procedure. The cells were grown first in Luria--Bertani (LB)/ampicillin medium at 37°C for 1.5 h and then on LB plates with ampicillin/IPTG/X-Gal at 37°C overnight. The recombinant plasmids were isolated using the Wizard Plus SV Minipreps DNA Purification System (Promega). These plasmids were analyzed by digestion with 20 U of the restriction enzyme EcoRI (New England Biolabs) for 1--2 h. The digestion products were run on a 1.6% agarose gel, and 51--54 plasmids that contained inserts were sequenced by the Macrogen Company (Korea).

Dissociation kinetics experiments
---------------------------------

Dissociation kinetics experiments were carried out as determined previously ([@b11]). In short, individual selected sequences, containing 5--9 bp from each side flanking the TATA box (MLP or E4), were embedded in hairpin constructs described above. Radiolabeled hairpin duplexes (0.4 nM) and yTBPc (27 nM active protein) were incubated at 30°C in the same binding buffer used in the initial cycle of the thermodynamic or the kinetic selection experiments, before adding unlabeled competitor DNA \[wtMLP or (T-A)~4~, 1.76 µM, 65-fold excess over active protein\]. We used this buffer in order to concur with our previous study ([@b11]). Ten time points were taken for each sequence, they were adjusted according to the half-life derived from initial experiments, and ranged between 20 and 40 min each ([Figure 2](#fig2){ref-type="fig"}). Dried gels were quantified using a Fujii FLA 5000 phosphoimager, as described previously ([@b11]). *F*(*t*), the fraction of bound DNA at the different time points, was calculated from the equation: *F*(*t*) = (PSL-bg)~complex(*t*)~/\[(PSL-bg)~complex(*t*)~ + (PSL-bg)~free(*t*)~\], where PSL is the photostimulated luminescence and bg is the background. ln\[*F*(*t*)/*F*(0)\] was plotted as a function of time (*t*) after the addition of the unlabeled competitor. The data were fitted to a two-phase first-order kinetic equation *F*(*t*)/*F*(0) = *A*e^−^*^k~A~^* ^×^ *^t^* + *B*e^−^*^k~B~^* ^×^ *^t^*, where *A* and *B* are fractions of molecules dissociating with rate constants *k*~A~ and *k*~B~, respectively. Half-life of complexes dissociating by the B process was calculated from: *t*~1/2\ B~ = ln2/*k*~B~

Binding affinity measurements
-----------------------------

Individual selected sequences containing 5--7 bp from each side flanking the E4 TATA box were embedded in hairpin constructs, as described above. Radiolabeled hairpin duplexes (50 pM) and increasing amounts of yTBPc were incubated at 30°C for 2 h in the buffer used during the selection cycles, but with 100 mM KCl. Complexes were resolved from free DNA by electrophoresis on native gels (10%, 75:1 acrylamide:bisacrylamide, 10% glycerol), using the same buffer and running conditions as in the dissociation kinetics experiments.

Dried gels were quantified using a Fujii FLA 5000 phosphoimager. Equal-sized boxes were defined surrounding each band on the gel. We have extended the boxes from the band on the complex to the band of the free DNA, to account for dissociation of the complex during electrophoresis, as described previously ([@b31]). Association binding constants were calculated using non-linear least-squares methods of parameter estimation (SigmanPlot, Jandel Scientific, CA). Initially, we used equations describing a regular one binding site system, as described previously ([@b31]). However, the fit between the experimental points and the model was not always good. As can be noted from the gels of [Figure 5](#fig5){ref-type="fig"}, there is a plateau in the end of the titration. At the last few points of each gel, there is a small amount of free DNA that does not decrease upon further increase in protein concentration. Plotting the fraction bound as a function of 1/\[yTBPc\] revealed that 12--22% of the DNA molecules were inactive for binding, as the graph reached a plateau when 78--88% of the DNA molecules were bound (data not shown). Hence, we used the end points as additional adjustable parameters, as is customarily done in quantitative footprinting analyses of protein--DNA interactions \[e.g. ([@b32])\]. This procedure yielded a much better fit between the experimental points and the curves of the fitted model (data not shown).

Sequence analysis
-----------------

A non-redundant dataset was created from each sequenced DNA pool by deleting duplicate sequences from each pool. The four DNA datasets were aligned using the web version of the program MEME ([@b33]). For the two E4 datasets we used the sequence on both strands in the alignment. From this non-redundant dataset we deleted sequences containing additional or alternative TATA boxes, on the same strand (shifted laterally) or on the complementary strand. It is this unambiguous dataset that was further analyzed. The information content of the sequences was calculated as described previously ([@b34]). The same procedure was applied to natural promoters containing the MLP and E4 TATA boxes, found in the Eukaryotic Promoter Database \[EPD, Release 82 ([@b35])\]. The sequences from the EPD were checked to ensure that the TATA boxes were bone fide ones and were not in the transcribed region of the retrieved promoter. In addition, promoters with ambiguous TATA boxes, such as those containing a mixed E4 and MLP sequence (e.g. TATATATAAAAG), were deleted from the analysis, as well as sequences containing (T-A)*~n~* tracts with *n* ≥ 4. For sequences from the EPD we used MEME just to align the one strand given in the EPD.

To assess the significance of occurrence of sequence motifs larger than mononucleotides we calculated the *Z*-statistics of each motif, which is the deviation of observed frequency of occurrence of DNA tracts longer than mononucleotide from that expected based on the mononucleotides components of that DNA tract ([@b36]). This analysis was carried out for dinucleotides, trinucleotides and tetranucleotides. Equal occurrence of all bases at each position was assumed since in the starting pool each position contained an equal amount of each base. The same analysis was carried out on three sets of random sequences, containing 40, 42 and 47 sequences, and 10 random positions.

RESULTS
=======

Analysis of the sequences selected in the *in vitro* selection experiments
--------------------------------------------------------------------------

An unequivocal non-redundant dataset, from which we deleted sequences that contained additional and alternative TATA boxes of each sequence family, was analyzed by calculating the information content of the binding sites ([@b34],[@b37]) ([Table 2](#tbl2){ref-type="table"}). Information content is a measure of the amount of specificity required for the recognition of DNA by proteins independent of the mechanism of recognition. The information content for each position was calculated and plotted as a function of the position of each base in the sequence ([Figure 3](#fig3){ref-type="fig"}). This calculation is based on mononucleotide frequencies and assumes independence of the occurrence of each mononucleotide. The consensus sequences are shown in [Table 2](#tbl2){ref-type="table"}. By definition, a consensus sequence lists the most frequent base at each position. In [Table 2](#tbl2){ref-type="table"} we list as consensus only those bases at specific positions where the reduction in uncertainty (Rseq) in this position is larger by at least 1 SD than that expected for a sample of that size. We denote these bases by a small letter. Positions where the nucleotide frequency is \>50% are denoted by a uppercase letter. The sequences deleted from the original non-redundant datasets were those containing alternative consensus-like TATA boxes. For the two E4 datasets we deleted only those sequences with alternative TATA boxes with half-life of 180 min and above (Hana Faiger and Tali E. Haran, unpublished data), i.e. sequences that formed complexes that were more stable that that formed with the consensus sequence (see below). However, deleting weaker alternative TATA boxes did not significantly change the pattern of selected sequences (data not shown).

Given the off rates obtained in the individually studied sequences from the pool selected for optimal binding stability (see below and [Table 1](#tbl1){ref-type="table"}), we were probably selecting for an ensemble that is present later in the approach to equilibrium but not 100% there, in the initial round of selection. However, the half-life of TBP/TATA-box complexes decrease with increase in KCl concentration (data not shown) and hence, in later cycles (from the third cycle onwards), the complexes must have reached equilibrium at the selection stage. Even though less cycles of selection may have been carried out at true equilibrium, the selection has probably reached saturation, because each dataset derived from selecting for high binding affinity contained multiple identical sequences.

The analysis of sequences flanking MLP-like TATA boxes shows that no significant pattern emerged when we selected these sequences based on high binding affinity of TBP to these target sites ([Table 2](#tbl2){ref-type="table"} and [Figure 3a](#fig3){ref-type="fig"}). When we selected for high complex stability (low kinetic off rate) a pattern emerges contributing ∼6% to the overall information content (3% from each side, [Figure 3b](#fig3){ref-type="fig"}). Since the second target site, E4 \[=(T-A)~4~\] is totally symmetric we could not establish the orientation of TBP on these sequences. The pattern for the sequences selected at the regions flanking E4-like TATA boxes was thus established by aligning these sequences ([@b33]) using both strands to maximize the alignment. Relative to the pattern observed for the selected MLP templates, the information content observed at the sequences flanking the E4 TATA box is more significant ([Figure 3c and d](#fig3){ref-type="fig"}). The total contribution to the information content is 11% for the thermodynamic selection and 16% for the kinetic selection ([Table 2](#tbl2){ref-type="table"}). More surprising is that both the thermodynamic as well as the kinetic selection show a significant asymmetry in the information content pattern in the two flanking sequences. One side has low information content, similar to that observed in the MLP targets, whereas the other side has significantly higher values. This could not arise simply from the alignment of the sequences (which was carried out without the constant sequence region of the primers). Have the sequences had a similar pattern at both sides \[as expected from a totally symmetric sequence, and from a protein that is known to bind TATA boxes in both orientations ([@b38])\] then even after this alignment the pattern, and particularly the information content, should have remained similar at both ends. The standard error of the difference for the two sides in both thermodynamic and kinetic selections is 0.02, whereas the differences between the two sides are 1.1 and 1.3 for the thermodynamic and kinetic selections, respectively. This is about 55- and 65-fold greater than the standard error, which shows that the phenomenon is highly significant statistically. Possible sources for this behavior are discussed below.

To compare the results obtained by the *in vitro* selection experiment to sequence pattern observed in sequences flanking the TATA box of natural promoters, we calculated the information content for 179 eukaryotic promoters containing an unambiguous MLP TATA box and 59 eukaryotic promoters containing an unambiguous E4 TATA box found in the EPD (out of 4809 sequences). In addition, 38 human promoters containing an unambiguous MLP TATA box (out of 1871 sequences) were similarly analyzed. The current number of available human promoters containing a uniquely defined E4 TATA box (15 promoters) is not sufficient for a significant analysis of their information content. The information content was calculated for a region extending 10 bp 5′ to 10 bp 3′ to the TATA boxes, and is shown in [Figure 4](#fig4){ref-type="fig"}. [Table 2](#tbl2){ref-type="table"} compares the information content and the consensus sequences of the selected sequences to those of natural promoters found in the EPD.

Kinetic analysis of selected sequences
--------------------------------------

We measured the dissociation kinetics of individual sequences selected by kinetic criteria *in vitro* ([Figure 2](#fig2){ref-type="fig"}). The selected sequence motifs were embedded in hairpin constructs, similar to those used in our previous study \[([@b11]) see Materials and Methods for details\]. Here, we analyze dissociation kinetics data using a bi-exponential equation ([Table 1](#tbl1){ref-type="table"}), because it has been previously shown that such a fit represents better the observed dissociation data than a single exponential equation ([@b39]--[@b41]). The analysis by a bi-exponential equation of the studied sequences ([Table 1](#tbl1){ref-type="table"}) showed a well-determined slow dominant phase (70--90% of the molecules were caught at this stage upon adding competitor DNA), and a not well-determined (having a large standard error) fast phase. The half-life values presented in [Table 1](#tbl1){ref-type="table"} and discussed here are only those of the well-determined slow phase.

The results for individual sequences from the selected (T-A)~4~ pool shows high variability of binding stabilities ([Table 1](#tbl1){ref-type="table"}), ranging from 147 ± 5 min (E4k36) to 333 ± 14 min (E4k28). The half-life of complexes of TBP to two E4-related sequences (E4k28 and E4k60) is significantly larger than the half-life of TBP complexes with sequences from the MLP pool, a known strong basal promoter of high binding stability. The sequences from the E4 pool are all bona fide (T-A)~4~-like sequences and the flanking sequences do not contain any DNA element that can convert the molecules to an MLP-like TATA box, or any other TATA box of known high complex stability. The results for individual sequences selected from the MLP pool show less pronounced variability in their dissociation kinetics from TBP, spanning the range from 206 ± 17 min (MLPk88) to 271 ± 20 min (fsMLP).

To assess the range of half-life values that can be observed as a function of the sequences flanking the (T-A)~4~ core TATA box, we measured the dissociation of TBP from the (T-A)~4~ box embedded in its natural flanking sequences as found in adenovirus (wtE4, [Table 1](#tbl1){ref-type="table"}). The results ([Figure 2](#fig2){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}) show that in this sequence context the E4 TATA box is a kinetically weak binding site, which is consistent with its physiological role during the adenovirus life cycle ([@b42],[@b43]). This shows that for the E4 TATA box there is a large variability of binding stabilities as a function of the sequences flanking the (T-A)~4~ box. This span of half-life values is as large as that shown by different consensus-like core TATA-box variants ([Table 1](#tbl1){ref-type="table"}) \[([@b11]); Hana Faiger, Marina Ivanchenko, Ilana Cohen and Tali E. Haran, manuscript in preparation).

Analysis of the binding affinity of selected sequences
------------------------------------------------------

We measured the equilibrium dissociation constants of individual sequences selected for high binding affinity ([Figure 5](#fig5){ref-type="fig"}). Here too the selected sequences were embedded in hairpin constructs, as described above. The binding affinity of sequences selected by the thermodynamic criteria show that here too there is high variability between the binding affinities of individual selected sequences, and between the selected sequences and the natural E4 TATA box from adenovirus. The highest binding affinity (2.4 ± 0.3 nM, E4t10, [Table 1](#tbl1){ref-type="table"}) is about 3-fold higher than that of E4t6 (7.5 ± 0.4 nM, [Table 1](#tbl1){ref-type="table"}), and about 8-fold higher than that of wtE4 (19 ± 2 nM, [Table 1](#tbl1){ref-type="table"}). Thus, the results show that in its natural adenovirus sequence context E4 TATA box is a relatively weak binding site thermodynamically, and that by changing only the flanking sequences it can become a much higher-affinity binding site.

Kinetic stability of mononucleotide-based consensus sequences
-------------------------------------------------------------

We constructed a mononucleotide-based consensus sequence for the E4 pool selected for high binding stability by taking the most frequent base at each position (E4kcon-mono, [Table 1](#tbl1){ref-type="table"}). The half-life of the complex of TBP with E4kcon-mono is 145 ± 5 min ([Table 1](#tbl1){ref-type="table"}), which shows that this complex is significantly less stable than complexes with all but one of the studied individual sequences selected from the (T-A)~4~ pool. No mononucleotide-based consensus sequences have been designed for the MLP pool selected for high binding stability, or the E4 pool selected for high affinity, since the degeneracy at this level is too high.

Frequency of occurrence of higher-order sequence motifs in the selected flanking region
---------------------------------------------------------------------------------------

DNA structure is now known to be influenced by long-range interactions ([@b15],[@b30],[@b44]--[@b46]). Hence, our assumption in the analysis carried out so far in this paper, of the independent occurrence of mononucleotides, may not be accurate. Information content analysis assumes independent occurrence of mononucleotides. This could be one reason why no recognizable pattern is observed in the selected sequences in the flanking regions of the various constructs ([Figure 3](#fig3){ref-type="fig"}). In principal, information content analysis can be extended to include cooperative occurrence of larger sequence tracts, such as dinucleotides, trinucleotides and tetranucleotides. However, more sequence data than is available from this study are needed for a reliable estimate of such correlations. Instead, the statistical significance of these motifs was established using several significance tests. First, we determined the most frequent motif at each position and calculated the deviation of the observed motif from that expected based on their mononucleotide components ([@b36]). Since the flanking regions were originally random, we assumed equal occurrence of all bases at each position. This gives us the *Z*-statistic for this motif, which states how many standard deviations this motif falls away from that expected based on additive mononucleotides. We then calculated the standard normal probability that these motifs will occur. All calculations were compared with similar calculations made on a set of random sequences, with the same number of sequences and the same number of random positions. In the random set dinucleotides appeared six or five times, in sets of size 47 sequences or smaller, respectively. Trinucleotides appeared three times at most, in all set sizes examined, and tetranucleotides motifs appeared at most twice. The probability that a specific tetranucleotide motif will occur three times in a dataset containing 40--47 sequences is 5 × 10^−12^ to 4 × 10^−10^, respectively, and higher for its occurring four times. On the trinucleotide level, a motif will occur four times with a probability of 3 × 10^−4^ to 5 × 10^−5^ (for sets of 47 or 40 sequences, respectively), and the probability of its occurring six times is 2 × 10^−9^ to 3 × 10^−11^ (for sets of 47 and 40 sequences, respectively).

In [Table 3](#tbl3){ref-type="table"}, we present the observed occurrences of statistically significant dinucleotides, trinucleotides and tetranucleotides sequence motifs at each position in the two 10 bp segments around the two (T-A)~4~ boxes and for the MLP pool selected for high binding stability. As one can appreciate from the data in [Table 3](#tbl3){ref-type="table"}, most positions in the two E4 pools, and especially in the more conserved downstream region, contain statistically significant dinucleotides, trinucleotides and tetranucleotides. The region on the upstream side of the MLP box selected for high binding stability shows a conserved higher-order pattern as well, with many statistical significant motifs. Based on these statistically significant motifs we constructed a new mononucleotide-based consensus sequence, as follows. In each higher-order level we looked at the most frequent nucleotide at each position and then summed them in all three levels. The advantage of this consensus sequence (relative to that based on mononucleotide-based information content) is that it strengthens the mononucleotide signal if and when it appears in several linked and statistically significant cooperative higher-order motifs. Indeed, these higher-order consensus sequences ([Table 2](#tbl2){ref-type="table"}) have more stringent sequence requirements and are actually a subset in most positions of the regular mononucleotide-based consensus sequence. This consensus sequence shows more clearly the sequence conservation in the 5′ side of the MLP pool selected for binding stability, and the asymmetry of sequence conservation in the two E4 pools.

Kinetic stability and binding affinity of TBP complexes to consensus sequences based on higher-order DNA motifs
---------------------------------------------------------------------------------------------------------------

The data in [Table 3](#tbl3){ref-type="table"} show that in many positions there is a linkage between the occurrence of two statistically significant mononucleotides and the occurrence of a statistically significant dinucleotide. Similarly, in many positions two statically significant dinucleotides are contained in the statistically significant trinucleotide and two trinucleotides in a statistically significant tetranucleotide. Another type of linkage is that between partially overlapping adjacent dinucleotides, or trinucleotides or tetranucleotides, all of them being the most significant in their respective positions. This is noticeable in particular at the more conserved downstream side of the two E4 pools, and in the upstream part of the MLP pool selected for binding stability.

The two types of linkages between sequence motifs discussed above also point to higher-order DNA structures as responsible for the modulating effects that the flanking sequences have on TBP/TATA-box interaction. We therefore constructed a new consensus sequence for the E4 pool selected for high binding stability, based on linked higher-order motifs ('E4kcon-high' in [Table 1](#tbl1){ref-type="table"}) and measured the dissociation kinetics of TBP from this target. E4kcon-high was constructed by looking for the most significant *linked* dinucleotide, trinucleotide and tetranucleotide arrangement at each side. Thus, at the 5′ side the sequence CCCGC(T) is formed by three linked dinucleotides, three linked trinucleotides and two linked tetranucleotide motifs, which are all statistically significant and are all the most frequent at each position. At the 3′ side the sequence (A)CGCGGGG is formed by six linked dinucleotides, five linked trinucleotides and four linked tetranucleotides, all of which are statistically significant and all but one are the most frequent at their position. The half-life of the complex of this target with TBP is 182 ± 8 min, which is significantly higher than that of E4kcon-mono, but significantly lower than the half-life of E4k28, E4k30, Ek56 or E4k60.

A consensus sequence based on higher-order motifs was constructed also for the E4 pool selected for high binding affinity, based on the same principle (E4tcon, [Table 1](#tbl1){ref-type="table"}). The binding affinity of TBP to this sequence (3.3 ± 0.3 nM, [Table 1](#tbl1){ref-type="table"}) is similar to the binding affinity of most selected sequences. A similar consensus sequence was constructed for the MLP pool selected for binding stability. On the 3′ side of the MLP TATA box there are no statistically significant conserved tetranucleotides, and not many conserved di- and trinucleotide motifs. Nevertheless, the half-life of the complex of TBP to this sequence (232 ± 12 min, [Table 1](#tbl1){ref-type="table"}) is intermediate to the values obtained with the other MLP-related TATA boxes studied here.

The effect of the flanking sequences is dependent on the identity of the base pair at position 8
------------------------------------------------------------------------------------------------

So far, we have studied two different core TATA boxes, in which the modulation of binding stability by the flanking sequences is significant, (T-A)~4~ and T~5~T~7~ ([Table 1](#tbl1){ref-type="table"}). Do same flanking sequences influence these two TATA boxes similarly? To answer this question we synthesized a DNA sequence with the (T-A)~4~ core and the original flanking sequences \[fs(T-A)~4~, [Table 1](#tbl1){ref-type="table"}\] used in our previous study ([@b11]). The half-life of the complex of TBP with the two targets is similar \[163 ± 6 versus 157 ± 5 min, for (T-A)~4~ and fs(T-A)~4~, respectively, [Table 1](#tbl1){ref-type="table"}\]. Thus, the effect of the flanking sequences on 'malleable' TATA boxes is different as a function of the core TATA box sequence. This is further discussed below.

DISCUSSION
==========

We carried out selection experiments probing the effects of sequences flanking two well-studied TATA boxes, adenovirus MLP and E4. We asked several related questions. First, can we find any flanking sequence that influences the dissociation kinetics of TBP from the MLP TATA box to the extent observed with TATATATN boxes? Second, do different flanking sequences have different mechanistic effects on TBP-TATA-box interactions? I.e. will unique flanking sequences be chosen if we select for kinetically stable complexes, and will they be different from those selected for high binding affinity? To address these questions we have carried out two kinds of selections. In the first one, the oligonucleotides were selected based on high binding affinity to TBP, and in the second on high kinetic stability.

Flanking sequence effects are sequence specific, selection specific and TATA-box dependent
------------------------------------------------------------------------------------------

The differential effect of the flanking sequences on TBP/TATA-box interaction, first observed in our previous study ([@b11]), is shown here to be a general phenomenon. On the whole, the interaction of TBP with the E4 target is significantly more affected by the identity of the adjoining sequences than the interaction with the MLP target. Thus, we have validated our previous hypothesis that the change in TBP/TATA-box interactions, as a function of the flanking sequences, will be more significant for 'malleable' sequences, i.e. those that have a structure that is easily changed by the sequence context (such as those of the form TATATATN).

Sequence motifs found in the flanking regions of the studied E4 and MLP TATA boxes are also 'selection specific'. For example, A- or T-tracts (defined as at least A~4~, T~4~, A~3~T, or A~2~T~2~,) ([@b46]) appear significantly in the MLP pool selected for high binding affinity (8/42 sequences, mostly in the 3′ side), but not in the MLP pool selected for high binding stability (3/42 sequences). G-tracts (defined as CnGm or GmCn, *n* + *m* \> 4) ([@b30]) appear significantly in the E4 pool selected for high complex stability (12/40 sequences), but not in the pool selected for high binding affinity (3/47 sequences).

Sequence specificity of the effect of the flanking sequences on TBP/TATA-box interaction is 2-fold. First, the whole phenomenon is significant only for certain TATA boxes. Second, sequence motifs in flanking regions that influence TBP/TATA-box interaction are usually unique to a certain TATA-box sequence and are different for different core TATA-box sequences. The two studied TATATATN boxes, (T-A)~4~ here and T~5~T~7~ before ([@b11]), are differentially affected by the sequences flanking them on either side. Sequence changes that reduce the kinetic stability of the TBP/T~5~T~7~-box complex \[i.e. alternating (G-C)*~n~* tracts to homopolymeric G-tracts\] do not affect the interaction of TBP with the (T-A)~4~ box and are observed in the E4 population selected for high binding stability.

Wong and Bateman ([@b47]) selected TBP-binding sequences from a pool of random duplex DNA. The majority of the selected DNA sequences contained the TATATAAG box. When we analyzed the information content of the data presented by Wong and Bateman ([@b47]), for the pattern surrounding the TATATAAG box, we got the consensus sequence aGaG[TATATAAG]{.ul}G (The core TATA box is underlined, for notations see the legend to [Table 2](#tbl2){ref-type="table"}). This shows that flanking sequences affect the binding of TBP to TATA boxes of the form TATATANN as well, and moreover that the sequence pattern in the flanking sequences is different from that observed for (T-A)~4~ pool in general, and that selected for high binding affinity, in particular. We observe here that the specifics of the effect that the flanking sequences exert on pliable TATA boxes depend on the nature of the base pairs at positions 7 and 8 of TATA boxes, the terminal base pair step. This step (together with the T~1~-A~2~ step) is where two phenylalanines residues from each 'stirrup' of the saddle-shaped TBP structure intercalate and kink the DNA double helix ([@b20],[@b24]--[@b28]). We have previously shown that the identity of this step is linked with the stability of TBP/TATA-box complexes ([@b11]).

Flanking sequence effects are directional
-----------------------------------------

An unexpected finding of the present study is that one side of the E4-like target, selected by either criterion, is much more conserved, and hence has much higher information content, than the other side. Our basic idea is that the sequences flanking the (T-A)~4~ target modulate its structure, such that TBP actually bind to different DNA structures as a function of the identity of the flanking sequence, and that there is a selective advantage for certain motifs in the flanking sequences because the TBP/TATA-box complex formed at these targets is more kinetically stable, or that the TATA box thus formed has higher affinity to TBP. However, the remaining question is how an asymmetric pattern arises from a totally symmetric TATA box, and for a protein that is known to bind in both orientations ([@b38])? If both orientations of TBP on the symmetric (T-A)~4~ box are equally populated, or nearly so, then the preferred sequences of the N10 on the 5′ end of the top strand should be equal to those of N10 on the 5′ side of the bottom strand.

Parkhurst *et al*. ([@b39],[@b41]) suggested that TBP binds to TATA boxes in several steps, and that the mechanism of binding includes two intermediate species. In the first intermediate complex, neither pairs of phenylalanine has intercalated into the DNA (at positions 1--2 and 7--8 of the 8 bp TATA box). In the second intermediate complex one side has intercalated phenylalanines, whereas the other side has not. In the final complex both sides have intercalated phenylalanines, as observed in the crystal structure ([@b20],[@b24]--[@b28]). If we assume that the first intercalation event is facile and reversible, but that the second intercalation step occurs readily only for certain base-pair combinations, then we would see a conservation of TATA box sequence/conformation as observed here. Similarly, if TBP dissociate in a mechanism involving several steps, with intermediates involving partly intercalated species, it could be that the first de-intercalation step is facile and especially is reversible, whereas the second de-intercalation step is not reversible (because TBP may rapidly fall off the DNA), and facile only for certain base-pair combinations. In this case, we will trap and select only those base pair combinations for which this second dissociation event is not facile. Hence, the larger sequence stringency observed on one adjacent side only, even though the TATA-box sequence itself is fully symmetric. There is no way, however, to assign the two binding steps to the two sides of the symmetric (T-A)~4~ sequence based on the results from this study.

Looking at [Table 3](#tbl3){ref-type="table"}, it seems that the flanking sequences of the MLP box selected for binding stability also shows an asymmetric pattern of DNA sequence motifs, with the 5′ side (the TATA side) having a more conserved pattern. However, in this case both sides have similar information content because, even though an occurrence of a tetranucleotide motif twice in 42 sequences set is not significant (and hence not shown in [Table 3](#tbl3){ref-type="table"}), its occurrence five times, for different tetranucelotide motifs, is significant. There are two such positions in the 3′ side of the MLP pool selected for binding stability (positions 20--23 and 21--24, [Table 3](#tbl3){ref-type="table"}). This renders the 3′ side to be as informative as the 5′ side of this TATA box.

Flanking sequence effects are determined by long-range cooperative DNA conformation
-----------------------------------------------------------------------------------

It is now well established that sequence-dependent DNA structure is influenced by long-range interactions rather than by nearest-neighbor ones ([@b15],[@b30],[@b44]--[@b46]). We propose here that it is the structure of the whole DNA region in the flanking sequences that modulates the structure of the DNA in the TATA box, and thus it is a novel form of indirect readout. The cooperative nature of DNA structure can explain why there are no recognizable patterns in the mononucleotide-derived information content of the flanking sequences ([Figure 3](#fig3){ref-type="fig"}) and in the sequence logos derived from them (data not shown). Alternatively, flanking sequences could be favored based on their intrinsic structural characteristics, and especially on their bendability, without any concomitant influence on the adjacent TATA box. Since TBP bends the TATA box significantly, sequences that are pre-bent, or more easily bendable in a particular orientation could be more energetically favored. This probably contributes to the observed pattern in all sequences. However, this on its own cannot fully explain the asymmetry observed in the selected sequences, as discussed above, nor the difference in the extent of influence that the flanking sequences have in the MLP versus the E4 sequence pool. When we designed a TBP binding site based on the most frequent base at each position of the E4 pool selected for high binding stability (E4kcon-mono, [Table 1](#tbl1){ref-type="table"}), this consensus sequence formed a complex with TBP that was significantly less stable than complexes with most of the individually studied sequences from the selected pool. A consensus sequence based on linked higher-order motifs (E4kcon-high, [Table 1](#tbl1){ref-type="table"}) forms a more stable complex with TBP than E4kcon-mono. It does not form as stable a complex with TBP, as do several selected sequences; however, it does approach the average half-life of the E4 pool selected for high binding stability when we include in the average all studied E4-related sequences. The binding characteristics of consensus sequences based on linked higher-order motifs for the MLP pool selected for high binding stability and the E4 pool selected for high binding affinity represent intermediate values to those obtained with individual members of these pools. We stopped our analysis at tetranucleotides because of the paucity of data for higher-order analysis, but also because tetranucleotides can already form independent cooperatively built DNA units ([@b48]), such as those observed in the structure of A-tracts ([@b46],[@b49]) and G-tracts ([@b30]). There is a difference between the E4 pool selected for high binding affinity versus the E4 pool selected for high binding stability, with respect to the correlation between the occurrences of frequently observed higher-order motifs and binding characteristics. There is no correlation between the occurrence of frequently observed dinucleotides, trinucleotides or tetranucleotides and stability of binding to TBP. The flanking sequences in the highest kinetically stable complexes are formed mostly from sequence motifs that are unique to these sequences and are not the most frequent ones at any position. However, some frequent motifs do appear in complexes of intermediate stability ([Table 3](#tbl3){ref-type="table"}). On the other hand, in the E4 pool selected for high binding affinity there is a strong correlation between the occurrence of frequently-observed high-order motifs in general, and tetranucelotide in particular, and the affinity of binding.

This leads us to suggest that a particular combination of at least 4 bp, but perhaps the whole 10 bp DNA segment, at both sides of the TATA box, is responsible for the observed effect of flanking sequences on TBP/TATA-box interactions, and especially for binding stability. It is the exact sequence that matters, not an average of an ensemble. Particular base pair combinations confer to the whole region a particular structure that influences the conformation in the adjacent TATA box. Similar long-range effects have been previously observed in sequences flanking A-tracts ([@b30]). Furthermore, at many positions there is more than one choice of significant long-range structural motifs (mono to tetranucleotides). This means that optimal flanking sequences are not unique. There can be several base pair combinations that will result in an optimal binding site, as can be observed in the flanking sequences of the individual examples studied from each DNA pool ([Table 1](#tbl1){ref-type="table"}).

We looked for correlations between observed stabilities of TBP/TATA-box complexes and various published parameter sets for bending and/or bendability at the tri- or tetranucleotide level ([@b50],[@b51]) and could not find any. This may be another indication that the structural properties of the sequences flanking TATA boxes are derived from the characteristics of the entire region, or at least a region larger than a tetranucleotide. We are currently examining the global structure and mechanical properties of TATA boxes and their flanking sequences using cyclization kinetics of minicircles ([@b52]).

Comparison to natural promoters containing the MLP and E4 TATA boxes
--------------------------------------------------------------------

The information content of natural promoters containing the MLP-like TATA box is slightly higher than that of the two selected pools containing the MLP TATA box ([Table 2](#tbl2){ref-type="table"}). This may be due to additional information that is located in the sequences flanking the core 8 bp TATA box in natural promoters (the core TATA box is invariant and hence the information content is a function of the pool size only). We show here that binding of TBP to MLP-like TATA boxes is not very sensitive to the nature of the flanking sequences. Thus, the additional information at natural promoters may not be related to TBP binding *per se*, but to binding of other factors involved in transcription initiation, such as TFIIB. Indeed, upstream of the MLP TATA box in eukaryotic promoters as well as in human promoters there is a guanine nucleotide at position −3 relative to the TATA box (in 44 and 60% of the eukaryotic and human promoters, respectively), which is highly conserved in BRE sites ([@b53]). On the other hand, we note that the sequence pattern surrounding the E4 TATA box selected for binding stability is very similar to the sequence pattern surrounding natural MLP promoters (eukaryotic and human). Thus, it could be that the selected sequence pattern converged to the pattern observed in the strong MLP promoter. Indeed, Wolner and Gralla ([@b12]) showed that exchanging the flanking sequences surrounding the E4 promoter by those surrounding the MLP promoter decreased the dissociation of TBP from this hybrid promoter.

E4-like targets, selected for high binding affinity or high kinetic stability, have higher information content than natural eukaryotic promoters containing the E4 box ([Table 2](#tbl2){ref-type="table"}). This can mean that the ability to modulate the level of TBP binding as a function of the flanking sequences is not always used in natural promoters to the extent observed under *in vitro* conditions. However, it could also mean that the low sensitivity of MLP-like promoters to the identity of the flanking sequences with respect to TBP binding enables the information on the binding of other factors to come forth. High information content usually indicates a binding site for a unique protein factor. In the flanking sequences of E4-like TATA boxes there may be sequence information for the binding of various protein activators ([@b18]), and also for the modulation of TBP binding. This overlap of information may preclude its manifestation through the information content parameter.

Implications for gene regulation
--------------------------------

The ability to modulate the binding of TBP to TATA boxes, as a function of the flanking sequences, can be used to change the TATA-box identity. Since TBP contact TATA boxes using 8 bp only, which are mostly A,T-rich, the number of different sequence combinations is not that large and is much lower than the number of genes in the human genome (or even genes that contain a TATA box). Using the flanking sequences is one approach to extent the specificity of TBP/TATA-box recognition, without the need to directly contact more than 8 bp.

We could not surpass the binding stability of the wild-type AdMLP target (wtMLP, [Table 1](#tbl1){ref-type="table"}). Thus, even though the effect of the flanking sequences on MLP TATA-boxes is about 30% at most, all the sequences studied individually show the same or reduced binding stability relative to wtMLP. Hence, it seems that Nature has optimized the intrinsic binding stability of AdMLP. The opposite situation is observed at the AdE4 site, which was selected to be a weak binding site in adenoviruses. However, the AdE4 promoter is a weak basal promoter not because of the (T-A)~4~ sequence, but because of the choice of base pairs in the flanking sequences. This allows the added level of regulation through the binding of protein activators to these same regions.
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![*In vitro* selection experiments. EMSA conducted for the separation of selected and non-selected DNA templates. (**a**) Selection for high binding affinity from a DNA pool containing the MLP TATA box and ten random flanking sequences on each side. (**b**) Selection for high complex stability from a DNA pool containing the E4 TATA box and 10 random flanking sequences on each side. The gels shown are those after the first selection cycle.](gkj414f1){#fig1}

![Gels showing representative results for the dissociation kinetics of yTBPc (27 nM) from several E4-related TATA boxes embedded in hairpin constructs (0.4 nM). The number below each gel specifies the time after adding competitor DNA (1.76 mM).](gkj414f2){#fig2}

![Information content of *in vitro* selected sequences flanking TATA boxes. (**a**) Constructs containing MLP-like sequences selected for high binding affinity. (**b**) Constructs containing MLP-like sequences selected for high complex stability. (**c**) Constructs containing E4-like sequences selected for high binding affinity. (**d**) Constructs containing E4-like sequences selected for high complex stability. *R*~seq~ is the reduction in uncertainty at each position of the binding site. The *R*~seq~ of the core TATA box is close to 2. We rescaled the graphs at *R*~seq~= 0.6 to show the pattern in the flanking sequences more clearly.](gkj414f3){#fig3}

![Information content of TATA boxes and their flanking sequences found in the EPD ([@b35]). (**a**) MLP-like TATA boxes from all eukaryotic promoters. (**b**) MLP-like TATA boxes from human promoters. (**c**) E4-like TATA boxes from eukaryotic promoters. *R*~seq~ is the reduction in uncertainty at each position of the binding site. See [Figure 3](#fig3){ref-type="fig"} for details.](gkj414f4){#fig4}

![Gels showing representative binding affinity measurements for yTBPc complexes with several E4-related TATA boxes embedded in hairpin constructs (50 pM).](gkj414f5){#fig5}

###### 

Selected TBP/TATA-box complexes studied individually

  Name                                             Sequence                     Half-life B[a,](#tf1-1){ref-type="table-fn"}[b](#tf1-2){ref-type="table-fn"} (min)   'B' fraction   'A' fraction   Reference
  ------------------------------------------------ ---------------------------- ------------------------------------------------------------------------------------ -------------- -------------- ----------------------------------
  Dissociation kinetics                                                                                                                                                                            
      MLPk93                                       CCTCGG**TATAAAAG**GGCGCT     249 (±23)                                                                            0.81 (±5)      0.19 (±5)      This work
      MLPk62                                       TTGGCG**TATAAAAG**CGCGCG     213 (±4)                                                                             0.79 (±5)      0.21 (±5)      This work
      MLPk52                                       TGACGG**TATAAAAG**TGCCTA     212 (±7)                                                                             0.73 (±3)      0.27 (±3)      This work
      MLPk88                                       TTCGTC**TATAAAAG**GGCGTG     206 (±17)                                                                            0.70 (±4)      0.30 (±4)      This work
      MLPkcon[c](#tf1-3){ref-type="table-fn"}      TTTGGCG**TATAAAAG**TTTAGG    232 (±12)                                                                            0.75 (±4)      0.25 (±4)      This work
      wt MLP                                       CGGGC**TATAAAAG**GGGGTGG     255 (±24)                                                                            0.83 (±3)      0.17 (±3)      [d](#tf1-4){ref-type="table-fn"}
      fsMLP[e](#tf1-5){ref-type="table-fn"}        CGGAC**TATAAAAG**CGCGTGC     271 (±20)                                                                            0.86 (±2)      0.14 (±2)      [d](#tf1-4){ref-type="table-fn"}
      E4k28                                        TCCTAGT**ATATATA**CTGAGT     333 (±14)                                                                            0.93 (±2)      0.07 (±2)      This work
      E4k60                                        TTGGGG**TATATATA**GTGTGG     325 (±12)                                                                            0.89 (±2)      0.11 (±2)      This work
      E4k56                                        GGGTCT**TATATATA**GGGCGT     254 (±11)                                                                            0.89 (±2)      0.11 (±2)      This work
      E4k30                                        TAGCGC**TATATATA**TGGTCT     243 (±6)                                                                             0.89 (±3)      0.11 (±3)      This work
      E4k67                                        GGTCGA**TATATATA**CGCCGT     197 (±3)                                                                             0.86 (±1)      0.14 (±1)      This work
      E4k55                                        GGAAGC**TATATATA**CACCCC     192 (±27)                                                                            0.76 (±4)      0.24 (±4)      This work
      E4k53                                        TGAACC**TATATATA**CGCAGC     175 (±8)                                                                             0.78 (±5)      0.22 (±5)      This work
      E4k36                                        TGGTGC**TATATATA**GACTGG     147 (±5)                                                                             0.83 (±3)      0.17 (±3)      This work
      E4kcon mono                                  GGGGC**TATATATA**CGGGGGGGG   145 (±5)                                                                             0.90 (±3)      0.10 (±3)      This work
      E4kcon high                                  CCCGC**TATATATA**CGCGGGG     182 (±8)                                                                             0.88 (±1)      0.12 (±1)      This work
      (TA)~4~                                      CGGGC**TATATATA**GGGGTGG     163 (±6)                                                                             0.74 (±4)      0.26 (±4)      [d](#tf1-4){ref-type="table-fn"}
      fs(TA)~4~[e](#tf1-5){ref-type="table-fn"}    CGGAC**TATATATA**CGCGTGC     157 (±5)                                                                             0.81 (±5)      0.19 (±5)      This work
      wt E4                                        AGTCC**TATATATA**CTCGCTC     70 (±4)                                                                              0.81 (±5)      0.19 (±5)      This work
      T~5~T~7~                                     CGGGC**TATATATG**GGGGTGG     78 (±6)                                                                              0.87 (±2)      0.13 (±2)      [d](#tf1-4){ref-type="table-fn"}
      fsT~5~T~7~[e](#tf1-5){ref-type="table-fn"}   CGGAC**TATATATG**CGCGTGC     155 (±5)                                                                             0.74 (±2)      0.26 (±2)      [d](#tf1-4){ref-type="table-fn"}
  Binding affinity                                                              *K*~d~ (nM)[b](#tf1-2){ref-type="table-fn"}                                                                        
      E4t10                                        CCCTGC**TATATATA**CCCTGG     2.4 (±0.3)                                                                                                         This work
      E4t16                                        AGCCGC**TATATATA**ACGGCA     3.5 (±0.4)                                                                                                         This work
      E4t45                                        CCACCC**TATATATA**GGCTTG     4.1 (±0.7)                                                                                                         This work
      E4t6                                         GTCCGA**TATATATA**TCACGC     7.5 (±0.4)                                                                                                         This work
      E4tcon[c](#tf1-3){ref-type="table-fn"}       TCCGT**TATATATA**GGTTGGC     3.3 (±0.3)                                                                                                         This work
      wtE4                                         AGTCC**TATATATA**CTCGCTC     19 (±2)                                                                                                            This work

^a^Equation used is $F\left( t \right)/F\left( 0 \right) = A\text{e}^{- k_{1}*t} + B\text{e}^{- k_{2}*t}$. *A* and *B* are the fraction of molecules dissociating with macroscopic rate constants *k*~1~ and *k*~2~, respectively. The half-life was determined from *t*~1/2*B*~ = ln2/*k*~2~.

^b^Numbers in parentheses are the standard error of the mean. It includes the experimental error between the different independent experiments (5--9 experiments for each sequence) and the difference between the experimental points and the curve-fitting model.

^c^These consensus sequences are based on linked higher-order sequence motifs, but also agree with a mononucleotide-based consensus sequence (see text for details).

^d^Experiments are from ([@b11]), reanalyzed here by the equation above.

^e^fs stands for 'flanking sequences', and is the name given to these sequences by ([@b11]), where only one flanking-sequence variant was analyzed for each TATA box.

###### 

Consensus sequences and information content of sequences studied here

  Sequence                                                                                                                                  mononucleotide consensus                                          Total *R*~seq~ (bits)   Total number of sequences[b](#tf2-2){ref-type="table-fn"}   Sequence used in analysis[c](#tf2-3){ref-type="table-fn"}                     
  ----------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------- ----------------------- ----------------------------------------------------------- ----------------------------------------------------------- ----------- ----- -----
                                                                                                                                            1 3 5 7 9 11 13 15 17 19 21 23 25 27                                                                                                                                                                                                
  Consensus of selected sequences based on mononucleotide frequencies[a](#tf2-1){ref-type="table-fn"}                                                                                                                                                                                                                                                                           
      MLP therm.                                                                                                                            n**k**nn**g**nnn**k**n[TATAAAAG]{.ul}**b**nnnnnnn**d**n           0.1 (1)                 15.6 (1)                                                    0.2 (1)                                                     15.9 (3)    47    42
      MLP kinetic                                                                                                                           nnnn**kt**nn**s**n[TATAAAAG]{.ul}**kt**n**rgkg**n**k**n           0.5 (1)                 15.6 (1)                                                    0.5 (1)                                                     16.6 (2)    45    42
      E4 therm.                                                                                                                             nnnnnn**s**n**G**n[TATATATA]{.ul}n**g**n**TG**n**C**n**b**n       0.3 (1)                 15.6 (1)                                                    1.4 (1)                                                     17.3 (2)    51    47
      E4 kinetic                                                                                                                            nnnnn**gg**n**GC**[TATATATA]{.ul}**cgsgGG**n**gg**n               0.6 (1)                 15.6 (1)                                                    1.9 (1)                                                     18.1 (3)    42    40
  Consensus of selected sequences based on the mononucleotide frequencies observed in higher-order motifs[d](#tf2-4){ref-type="table-fn"}                                                                                                                                                                                                                                       
      MLP therm.                                                                                                                            nnnnnnnn**kk**[TATAAAAG]{.ul}**gtt**nnnnnnn                                                                                                                                                                                         
      MLP kinetic                                                                                                                           nn**sw*TT*gGsr**[TATAAAAG]{.ul}**ktbrskgdb**n                                                                                                                                                                                       
      E4 therm.                                                                                                                             nnnnn**tCC*G*y**[TATATATA]{.ul}**ssytsvsvc**n                                                                                                                                                                                       
      E4 kinetic                                                                                                                            nnnnn**ssc*g*c**[TATATATA]{.ul}***c*gs*gg*gs*G*GG**                                                                                                                                                                                 
  Consensus of natural promoters[a,](#tf2-1){ref-type="table-fn"}[e](#tf2-5){ref-type="table-fn"}                                                                                                                                                                                                                                                                               
      MLP eukaryote                                                                                                                         **v**nnn**ggwggS**[TATAAAAG**c**]{.ul}**vGv**n**gbrcg**           0.85 (3)                15.90 (3)                                                   0.75 (3)                                                    17.50 (5)   185   176
      MLP human                                                                                                                             **r**nnn**gG**n**G**n**S**[TATAAAAG]{.ul}**cvG**nn**gG**n**sg**   1.4 (2)                 15.5 (1)                                                    1.1 (2)                                                     18.0 (3)    42    38
      E4 eukaryote                                                                                                                          **wy**n**w**n**awc**n**c**[TATATATA]{.ul}**S**n**g**n**g**nnnnn   0.3 (1)                 15.7 (1)                                                    0.4 (1)                                                     16.3 (2)    70    59

^a^TATA boxes are underlined. Boldface letters in the flanking sequences indicate that the reduction in uncertainty for that position (*R*~seq~) is larger than 1 SD from that expected for a sample of that size. Uppercase letters indicate that the frequency of that nucleotide is \>50%. An ambiguous code is used whenever there are several nucleotides that are within 1 SD of the most frequent one, and is denoted by a uppercase letter when at least one nucleotide frequency is \>50%. K = G or T; S = C or G; W = A or T; B = C, G or T; D = A, G or T; V = A, C or G.

^b^Total number of sequences in the non-redundant data.

^c^Unequivocal TATA-box sequences only. Sequences were deleted if they contained additional and alternative TATA boxes in the flanking sequences.

^d^Based only on higher-order motifs (2, 3 or 4 bp long) that are statistically significant in the selected sequences (see [Table 3](#tbl3){ref-type="table"} for details). Ambiguous codes are given as discussed in Footnote a. Uppercase letters indicate that this nucleotide is the only one observed in this position, in all three higher-order levels. Italicized letters indicate that the frequency of this base is \>50% in all three levels.

^e^Sequences were retrieved from the Eukaryotic Promoter Database \[release 82 ([@b35])\].

###### 

Statistically significant higher-order motifs in the selected DNA pools

  Position[a](#tf3-1){ref-type="table-fn"}   E4 kinetic selection (40 sequences)   E4 thermodynamic selection (47 sequences)   MLP kinetic selection (42 sequences)                                                                                                                                              
  ------------------------------------------ ------------------------------------- ------------------------------------------- -------------------------------------- ---------- ----- ----------- --------- --- --------- ----- --------- ----- ---------- ----- --- --------- ----- --------- ----- ---------- -----
  1                                          n                                                                                                                                                               n                                                    n                                              
  2                                          n                                                                                                                                                               n                                                    n                                              
  3                                          n                                                                                                                                                               n                                                    n                                              
                                                                                                                                                                                                                                                                      CA ~6~    2.2                              
                                                                                                                                                                                                                                                                      GT ~7~    2.8                              
  4                                          n                                                                                                                                                               n                                                    n                   CAT ~5~   5.4              
                                                                                                                                                                                                                                                                                      GTT ~5~   5.4              
                                                                                                                                                                                                                                                                      AT ~9~    4.1                   CATT ~3~   7.0
                                                                                                                                                                                                                                                                                                      GTTT ~3~   7.0
  5                                          n                                                                                                                        AGG ~4~    4.3                         n                                                    k                   ATT ~6~   6.6              
                                                                                   GG ~7~                                      2.9                                                                                                                                    TT ~12~   6.0                   TTTG ~3~   7.0
  6                                          g                                                                                                                                                               n                                                    t                   TTG ~7~   7.9              
                                                                                                                                                                                                                 TC ~9~    3.7                   GTCC ~3~   6.6       TG ~11~   5.3                   TTGG ~4~   9.5
                                                                                                                                                                                                                                                                                                      TTCG ~3~   7.0
  7                                          g                                                                                                                                                               s                                                    n                   TGG ~7~   7.9              
                                                                                                                                                                                       CCCG ~3~    7.2           CC ~8~    3.1                   TCCG ~3~   6.6       GG ~9~    4.1                   TGGG ~4~   9.5
                                                                                                                                                                                                                                                                                                      TGGC ~3~   7.0
  8                                          n                                                                                                                        CCG ~4~    4.3                         n                   CCG ~7~   7.4                    n                   GGG ~4~   4.2              
                                                                                                                                                                      GCG ~4~    4.3                                                                                                  GGC ~4~   4.2              
                                                                                   CG ~11~                                     5.6                                                     GGTG ~3~    7.2           CG ~10~   4.3                   CCGC ~3~   6.6                                                  
                                                                                                                                                                                                                                                 CCGT ~3~   6.6                                                  
  9                                          G                                                                                                                        CGC ~5~    5.6                         G                   CGT ~5~   5.0                    s                                              
                                                                                                                                                                                                                                 CGC ~4~   3.8                                                                   
                                                                                   GC ~13~                                     6.9                                                     CGCT ~5~    5.6           GT ~9~    3.7                   CGCT ~4~   3.8       GG ~7~    2.8                              
                                                                                                                                                                                                                                                 CGTT ~5~   5.0                                                  
  10                                         C                                                                                                                        GCT ~13~   6.9                         n                   GTT ~9~   3.7                    n                   GGT ~7~   2.8              
                                                                                   CT ~20~                                     3.7                                                     GCTA ~13~   6.9           TT ~16~   1.4                                        GT ~15~   1.6                              
  11                                         T                                                                                                                                                               T                                                    T                                              
  18                                         A                                                                                                                                                               A                                                    G                                              
                                                                                   AC ~17~                                     2.6                                                                               AC ~19~   2.4                                        GT ~17~   2.3                              
  19                                         c                                                                                                                        ACA ~8~    3.6                         c                   AGG ~7~   2.4                    k                   GTT ~7~   2.8              
                                                                                                                                                                      ACG ~7~    2.9                                                                                                  GGT ~6~   2.2              
                                                                                   CA ~8~                                      3.6                                                     ACGC ~7~    8.1           GG ~7~    2.4                                        TT ~7~    2.8                              
                                                                                   CG ~7~                                      3.0                                                     ACAC ~4~    4.3                                                                                                           
                                                                                                                                                                                       AGTG ~4~    4.3                                                                                                           
  20                                         g                                                                                                                        CGC ~7~    8.1                         g                                                    n                                              
                                                                                                                                                                      CAC ~4~    4.3                                                                                                                             
                                                                                                                                                                      GTG ~4~    4.3                                                                                                                             
                                                                                   GC ~10~                                     4.9                                                     CGCG ~3~    7.2 7.2       GT ~9~    3.7                   CCCT ~3~   6.6                                                  
                                                                                   TG ~8~                                      3.8                                                     CGCC ~3~                                                                                                                  
  21                                         s                                                                                                                        GCG ~5~    5.6                         n                   GTT ~6~   6.2                    n                                              
                                                                                                                                                                                                                                 GCT ~4~   3.8                                                                   
                                                                                                                                                                                                                                 CCT ~4~   3.8                                                                   
                                                                                   CG ~8~                                      3.6                                                     GCGG ~3~    7.2           CT ~11~   4.9                   GTTG ~4~   8.9                                                  
                                                                                   GG ~7~                                      3.0                                                                               TT ~9~    3.7                                                                                   
                                                                                   GC ~7~                                      3.0                                                                               GG ~7~    2.4                                                                                   
  22                                         g                                                                                                                        GCG ~4~    4.3                         T                   TTG ~6~   6.2                    r                   TAG ~5~   5.4              
                                                                                                                                                                      GGG ~4~    4.3                                             GGC ~5~   5.0                                                                   
                                                                                                                                                                      CGG ~4~    4.3                                             CTG ~5~   5.0                                                                   
                                                                                   GG ~10~                                     4.9                                                     CGGC ~3~    7.2           TG ~15~   7.3                   TTGG ~4~   8.9       GG ~7~    2.8                              
                                                                                                                                                                                       GGGG ~3~    7.2                                           GGCA ~3~   6.6                                                  
  23                                         G                                                                                                                        GGG ~6~    6.9                         s                   TGG ~6~   6.2                    s                                              
                                                                                                                                                                      GCG ~4~    4.3                                             TGA ~5~   5.0                                                                   
                                                                                                                                                                      GGC ~4~    4.3                                             GGA ~4~   3.8                                                                   
                                                                                   GG ~13~                                     6.9                                                                               GG ~8~    3.1                   TCCC ~4~   8.9                                                  
                                                                                   GC ~7~                                      3.0                                                                               GA ~8~    3.1                   TACC ~3~   6.6                                                  
                                                                                                                                                                                                                                                 TGGC ~3~   6.6                                                  
  24                                         G                                                                                                                        GGC ~6~    6.9                         n                   CCC ~4~   4.3                    k                   CTG ~4~   4.2              
                                                                                                                                                                                                                                 GGC ~4~   4.3                                                                   
                                                                                   GC ~8~                                      3.6                                                                               CC ~9~    3.6                   CGGC ~3~   6.6                                       CTGA ~3~   7.0
                                                                                                                                                                                                                 AC ~7~    2.4                                                                                   
  25                                         n                                                                                                                        GGG ~4~    4.3                         c                                                    n                   TGA ~4~   4.2              
                                                                                                                                                                      TGG ~4~    4.3                                                                                                  GCT ~4~   4.2              
                                                                                   GG ~9~                                      4.2                                                     TGGG ~3~    7.2           CG ~7~    2.4                   GGCG ~3~   6.6       GG ~7~    2.8                   GCTC ~3~   7.0
  26                                         g                                                                                                                        GGG ~6~    6.9                         n                   CCC ~5~   5.0                    n                                              
                                                                                                                                                                      CGG ~4~    4.3                                             CAC ~5~   5.0                                                                   
                                                                                                                                                                                                                                 CGC ~4~   3.8                                                                   
                                                                                   GG ~12~                                     6.2                                                     GGGG ~4~    9.9           CC ~8~    3.1                   CACG ~3~   6.6       GT ~7~    2.8                              
  27                                         g                                                                                                                        GGG ~7~    8.3                         b                   ACC ~4~   3.8                    k                                              
                                                                                   GG ~7~                                      3.0                                                                               CG ~8~    3.1                                        GC ~7~    2.8                              
  28                                         n                                                                                                                                                               n                                                    n                                              

^a^Position in the sequence.

^b^Mononucleotide-based consensus sequence. For details on the lettering see [Table 2](#tbl2){ref-type="table"}.

^c^DNA tracts (2, 3 or 4 bp long), which are statistically significant at each position. Dinucleotides are positioned between the two bases that constitute it, trinucleotides on the central base, and tetranucleotides between the second and third base. Here lettering is not an indication on the frequency of occurrence. The subscript numbers are the number of occurrences of each motif.

^d^*Z*-statistics or the deviation of the observed frequency of DNA tracts from that expected based on its mononucleotide composition. It is calculated by subtracting from the observed number of occurrences of the most frequent motif, the expected number of occurrences based on the mononucleotide frequency of the respective base pairs, and then dividing this value by the expected standard deviation ([@b25]). Statistically significant motifs are those that appear with frequency higher than that observed in a completely random sequence set, of similar size, in which there is an equal representation of each nucleotide in each position.
